Always cite the published version, so the author(s) will receive recognition through services that track citation counts, e.g. Scopus. If you need to cite the page number of the TSpace version 1 because you cannot access the published version , then cite the Tspace version in addition to the 2 published version. Uses of this material require specific permission from the publisher.
Introduction
Supra-physiological mechanical forces can induce apoptosis and loss of normal tissue function in bone (1), brain (2) and cardiac tissues (3, 4) . In physiologically functioning periodontal ligament (PL) there are higher proportions of apoptotic fibroblasts at sites subjected to increased mechanical load compared to sites with lower loads (5) , but proliferation of local fibroblast populations balances cell death and maintains cell populations in steady state conditions (6) . In PL subjected to mechanical over-load, fibroblasts exhibit increased apoptosis (7) (8) (9) , a process that can result in cell deletion and the formation of acellular sites in the PL (10), as well as inappropriate remodeling of the extracellular matrix in response to high amplitude exogenous force (11). The mechanism by which mechanical forces induce cell death is not defined but one possible process may involve anoikis (12) or detachment-induced cell death, which involves disruption of the structure and function of cellmatrix adhesions in anchorage-dependent cells leading to cell death (13) .
In cultured cells, focal adhesions are aggregates of cytoskeletal, signaling and adhesion receptor proteins that mediate and control connectivity of the cytoskeleton to matrix proteins (14) . Direct transfer of mechanical forces applied through matrix proteins to cells occurs at focal adhesions enriched with receptors such as integrins, which on their cytoplasmic faces, bind to various adaptor proteins (15) . These adaptor proteins link adhesions to the actin cytoskeleton, therefore enabling the transmission of exogenously applied forces and the generation of mechanically-induced signals that may promote or protect cells against force-induced death (16) .
The control systems that mediate force-induced signals and protect or promote cell death are not defined.
Cells subjected to tensile forces resist detachment and detachment-induced cell death in part due to adhesion-associated molecules like FLNa and talin, actin binding proteins that associate with the cytoplasmic tail the of β1 integrin (17) . The binding of talin to β1 integrin not only provides a mechanical linkage between the extracellular matrix and the cytoskeleton but is also required for integrin activation, which promotes matrix ligand binding (18) . As a result of talin binding to integrins, the recruitment of other actin binding proteins like vinculin to adhesions is enhanced. Vinculin may in turn act as a force-transducing protein to mediate reorganization of cell polarity and adhesion structures to adapt to more stressful conditions (19) .
FLNa is thought to inhibit integrin-mediated activation and adhesion by a 'displacement' mechanism in which FLNa competes with talin for binding to the cytoplasmic tail of β1 integrin (20, 21) . The ability of talin to displace FLNa binding to β1 integrin may enhance integrin activation and as a result, cell adhesion (22) .
More recent data indicate that FLNa is required for 1 integrin activation at the outset of cell spreading on collagen, possibly by promoting the trafficking and cell surface expression of 1 integrin (23, 24). Notably, we found that FLNa is involved in the prevention of forced-induced apoptosis through the Rac/Pak/p38 signalling pathway (25) and may play a mechanoprotective role in response to applied tensile forces. Currently, the mechanism by which FLNa regulates cell adhesion to affect the viability of cells subjected to increased mechanical loads is not defined.
In this study we investigated the mechanoprotective roles of FLNa in the PL of mice and in cultured fibroblasts. For the study of mechanoprotection in intact animals, the PL provides an excellent model system since the effects of high amplitude mechanical forces on connective tissue structure can be readily examined (26) and there are tightly regulated homeostatic systems that preserve PL cell populations, structure and function in the face of high amplitude mechanical loading (27) . In cultured cells subjected to tensile forces, we examined the recruitment of β1 integrin, talin and vinculin to focal adhesions. Our data show that in the PL of intact mice, FLNa protects fibroblasts against apoptosis. In cultured fibroblasts, FLNa helps to preserve talin and activated β1 integrins at cell adhesions, thereby preserving cell attachment to matrix substrates and enhancing the viability of cells subjected to applied mechanical force.
Materials and Methods

Antibodies and reagents
Mouse monoclonal antibodies (talin 1/2-clone 8d4; vinculin-clone hVIN-1) were purchased from SigmaAldrich (Oakville, ON). Rat monoclonal antibody against activated mouse β1 integrin (clone 9EG7) was obtained from Pharmingen (Mississauga, ON). Rabbit FLNa polyclonal antibody (for immunofluorescence) was a gift from Dr. F. Nakamura (Harvard University, Boston, MA). Rabbit monoclonal antibodies (β-actin, FLNa) were purchased from Epitomics (Burlingame, CA). Horseradish peroxidase-conjugated goat IgG was purchased from Sigma-Aldrich. Plasmids containing the sequence of full length-FLNa cloned into dsRED-pcDNA3 vector were a gift of Miguel Del Pozzo (Melchor Fernández Almagro, Madrid, Spain). Collagen was obtained from BD Sciences (Bedford, MA, USA). Fibronectin was purchased from Sigma-Aldrich. FITC-annexin and TUNEL kits were obtained from Roche (Montreal, QC).
Filamin A conditional mice and genotyping
As deletion of FLNa is embryonic lethal (E12) (28), we used the Cre-Lox system to generate conditional knockouts in which FLNa is deleted from fibroblasts and osteoblasts. We obtained collagen 1 Cre mice from size 300 bp). A primer pair (forward 5'-TCTTCCTCTTTCAGCTGG-3'; reverse 5'-ACAACTGCTGCTCCAGAG-3') were used to amplify the conditional (floxed) (product size-200-300 bp) and wildtype (100 bp) FLNa alleles.
Histology
Mandibles were dissected and fixed in formalin prior to decalcification. Jaws were trimmed, paraffinembedded, sectioned sagitally and processed for Masson's trichrome, hematoxylin and eosin or picrosirius red.
Processing and staining were performed at the Mount Sinai Hospital histology service (Toronto, ON).
Cell Culture
Explant cultures were prepared by dissecting mandibles and maxilla from FLNa WT and KO mice. Jaws were washed three times in antibiotics (146 units/ml penicillin G, 50 g/ml gentamicin and 0.25 g/ml amphotericin) for 10 minutes, minced and the explant pieces were cultured on fibronectin-coated glass coverslips in 37°C in αMEM supplemented with 10% fetal bovine serum and antibiotics. NIH 3T3 cells that express constitutively FLNa or that were transfected with short hairpin RNA for FLNa (obtained from David Calderwood, Yale University, New Haven, CT) were grown at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics (146 units/ml penicillin G, 50 g/ml gentamicin and 0.25 g/ml amphotericin). NIH 3T3 cells stably transfected with short hairpin RNA against FLNa were grown in the presence of puromycin (1 g/ml).
Force application
Tensile forces were applied to cells as described (30) . Briefly, magnetite beads (Fe 3 O 4 , modal diameter = 5 m; Sigma-Aldrich, Oakville, ON) were incubated with 1 mg/ml collagen, neutralized to pH 7.4 and rinsed with PBS to induce fibril formation. Cells were plated in equal numbers on fibronectin-coated plates (10 µg/ml) and allowed to spread for 3 hours. Collagen beads were incubated on the dorsal surfaces of cells for 1 hour prior to force application. Magnetic fields were applied with a ceramic permanent magnet (Jobmaster, Mississauga, ON) to generate perpendicular tensile forces on cells. The magnet pole face was orientated parallel with the culture dish surface at a distance of 20 mm from the surface. At these distances, single cells of 250 m 2 surface area are exposed to tensile forces of 160 pN (30) . For all experiments involving force application, controls involved incubation of cells with collagen beads, but without force application.
7 antibodies (Mandel, Guelph, ON).The LiCor Odyssey (Mandel) and Image Studio software (Mandel) were used for detection and analysis.
For immunostaining, cultured cells were washed and fixed with 4% buffered paraformaldehyde after force application. Cells were permeabilized with 0.2% PBS Triton-X and blocked for 20mins with 0.2% BSA.
Cells were incubated with primary antibodies at 4°C overnight followed by incubation with FITC-conjugated secondary for 1h at room temperature.
Collagen adhesion-associated proteins
Following force treatment, cells were washed with ice-cold 1xPBS as described (31) . Cells with bound collagen beads were scraped from culture dishes with cytoskeletal extraction buffer 0.5% Triton X-100, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM Na 3 VO 4 , 1 mM phenymethylsulfonyl fluoride and 10 mM PIPES, at pH 6.8, with the Sigma Protease inhibitor cocktail at a ratio of 1:50). Lysates were homogenized and using a sidepull magnet, focal adhesion and non-focal adhesion fractions were isolated. Beads were re-suspended in 1x
Laemelli buffer and boiled for 10 mins to release bead-associated proteins. Equal amounts of proteins were loaded and probed for FLNa and talin 1/2.
Transfection
For co-localization of exogenous FLNa with focal adhesions, FLNa knockdown cells were transfected with dsRED-FLNaWT using Polyjet transfection reagent (FroggaBio, Toronto, ON, Canada) according to the manufacturer's instructions.
Cell death
After force application (applied to dorsally-loaded magnetite beads on cells), we used permanent magnets placed under the dish to maintain cells in situ on the dishes for subsequent preparatory steps. To isolate floating cells that had detached from the bottom of the dishes and with attached magnetite particles, medium was collected and cells were isolated with a side-pull magnet and re-suspended in 95% ethanol. All cell fractions were air-dried on 1% gelatin-coated slides. Cells were stained with FITC-annexin to identify dead cells. For analysis of cell death in vivo, sections of mouse periodontium were stained for TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling).
Microscopy
Analysis of immunostaining for talin, vinculin, FLNa and β1 integrin was performed on the ventral surfaces of attached cells (fibronectin-coated glass) by TIRF as described (24).
Statistics
For all experiments, separate assays were repeated at least three times. For quantitative data, mean±S.D. values were computed. Comparisons of multiple samples were analyzed with ANOVA followed by analysis with Tukey's test. Statistical significance was set at p<0.05.
Results
Mouse characterization
As a global FLNa knockout is embryonic lethal in mice (28), we developed a conditional FLNa knockout mouse (CKO) under the control of the collagen αI promoter (29) in which deletion of FLNa expression was restricted to fibroblasts and osteoblasts ( 
Cell death
We reported earlier that FLNa protects cells from apoptosis after application of supra-physiological tensile forces in vitro (25). To determine whether this protection was detectable in vivo, TUNEL staining of sections of mandibular molar periodontium, which contains the PL, was performed ( Fig. 2A) . The PL, which is primarily populated by fibroblasts (5), showed an ~7-fold increase of the proportion of apoptotic cells in FLNa CKO mice compared with WT mice ( Fig. 2B ; p<0.001).
Mechanical force application to cultured cells can stimulate cell death (36) but it is not known whether this process involves anoikis, a form of apoptosis caused by cell detachment from the extracellular matrix (37) .
To investigate the effect of FLNa on protecting cells against force-induced anoikis, we cultured NIH 3T3 cells with wildtype levels of FLNa expression (FLNa WT) or with FLNa knockdown (FLNa KD; by short hairpin RNA) (38) (Figs. 3A,B ). Cells were plated on fibronectin-coated surfaces and collagen-coated beads were attached to the dorsal cell surface, an intentional strategy that reduces the likelihood of adhesion receptor competition by using different matrix ligands on the ventral and dorsal cell surfaces. After 24h-force application, FLNa WT and KD cells were stained with DAPI to quantify the number of cells that remained adherent to dishes after tensile force application (Fig. 3C) . Compared with FLNa WT cells, FLNa KD cells subjected to tensile force exhibited ~2-fold increases of the number of detached cells from the fibronectin substrate ( Fig. 3D ) and ~40% reduction of the numbers of cells that remained attached to the substrate ( Fig. 3E; 
p<0.001).
We determined whether the detached cells were apoptotic by measuring FITC-annexin binding to cells, an early marker of apoptosis (39) . Detached FLNa KD cells exhibited annexin binding whereas adherent FLNa KD cells were unstained (Fig. 3F) . In cells subjected to mechanical force, FLNa WT cells showed very little FITC-annexin binding whereas FLNa KD cells were frequently bound by FITC-annexin (Fig. 3G) .
Filamin A in cell adhesions
We investigated the role of FLNa in protecting against force-induced anoikis by assessing the spatial distribution of FLNa after force application to cultured cells. In cells with attached collagen beads that were not subjected to force, immunostaining showed that endogenous FLNa was diffusely distributed throughout the cytoplasm. After force treatment, FLNa was more enriched at sites of force application (Fig. 4A) . We also examined the localization of FLNa in cell adhesions to collagen beads by immunoblot analysis of collagen bead-associated proteins (40) (Fig. 4B) . Consistent with the immunofluorescence data of FLNa in adhesions on the ventral cell surface, there was increased abundance of FLNa in the protein fractions prepared from collagencoated magnetite beads that were attached to the dorsal cell surface. We found no difference in the abundance of FLNa in the remaining proteins that did not bind to collagen beads (data not shown).
The data described above indicate that FLNa may protect cells from detaching from their underlying fibronectin-coated substrate (Fig. 3D,E ). In this model system, tensile forces are applied to collagen beads on the dorsal surface of cells while cell attachment to the culture dish is mediated through ventrally-located adhesion receptors that bind fibronectin (Fig. 4C) . We next examined proteins in ventrally-located adhesions that provide protection against anoikis in response to tensile forces. FLNa KD cells were transfected with fulllength FLNa cloned into a dsRED expression plasmid. By immunostaining for vinculin (as a focal adhesion marker) and application of TIRF microscopy for assessing ventrally-located focal adhesions, we found that in WT cells, FLNa co-localized with vinculin ( Fig. 4D ; Pearson's coefficient r = 0.73).
Quantification of focal adhesions
We sought to examine the effect of FLNa on focal adhesion formation at ventral cell surfaces. First we tested the validity of a measurement system for quantifying adhesion formation. FLNa WT and KD cells were plated on defined concentrations of fibronectin in the coating buffer. Cells spread for 5 h prior to immunostaining for talin and vinculin and ventral adhesions were imaged by TIRF microscopy ( Fig. 5A and C, respectively) . The number of focal adhesions per cell in FLNa WT cells increased as the coating concentration of fibronectin was raised while in FLNa KD cells there was no difference in the number of focal adhesions, independent of fibronectin coating concentration. At fibronectin coating concentrations of 10 µg/ml, the number of talinstained focal adhesions was higher (by 2-4 fold) in FLNa WT cells compared with FLNa KD cells ( Fig. 5B; p<0.05). We found a similar pattern of the number of focal adhesions stained for vinculin (Fig. 5C ) although at very high coating concentrations of fibronectin (100 µg/ml) the difference in the number of focal adhesions per cell for FLNa WT and KD cells was not different (Fig. 5D; p>0. 2). As these data of focal adhesion number varied as a function of matrix ligand concentration, we subsequently used focal adhesion number as a surrogate measure of cell adhesion formation.
As we noted above, dorsal force application causes cells to detach from the ventral substrate (Figs. 3C-E), particularly those where FLNa is knocked down. Also, cells plated on a fibronectin-coating concentration of 10 µg/ml was associated with the largest difference of the number of focal adhesion per cell between FLNa WT and KD cells (Fig. 5B) . Accordingly, we plated cells on fibronectin at 10 µg/ml, followed by incubation with dorsally-loaded collagen beads and applied force for 1 hr or 12 hrs. We then assessed the correlation between the presence of FLNa and focal adhesion formation, as well as factors that prevent cell detachment.
With this model system we first immunostained force-treated cells with 9EG7, a neo-epitope antibody that recognizes activated β1 integrins. Quantification of the mean number of focal adhesions per cell in TIRF images showed that there were more activated β1 integrin-stained adhesions in FLNa WT cells compared with FLNa KD cells after 12 hrs of force ( Fig. 6A; p<0.05 ).
From images acquired by TIRF microscopy of talin-stained cells, we quantified the number of talinstained focal adhesions. FLNa WT cells exhibited no change of the number of talin-stained focal adhesions per cell with or without force treatment at 1 and 12 hrs after force application. In contrast, FLNa KD cells that were treated with or without force for 1 hr showed <40% of the number of adhesions as FLNa WT cells. After 12 hrs of force, FLNa KD cells showed no increase of focal adhesion numbers compared with 1 hr (Fig. 6B; p>0. 2).
These patterns of lower numbers of talin-stained focal adhesions in the FLN KD cells compared with wildtype cells was consistent with data on talin-stained focal adhesion length and area (Suppl. Fig. 1A-C) . By means of immunoblotting, we determined that the relative amounts of talin in whole cell lysates were unchanged in the presence or absence of FLNa and were independent of force application (Suppl. Fig. 1D ), indicating that talin was not preferentially degraded in the FLNa KD cells. Consistent with the data of talin in ventral adhesions, the abundance of talin in collagen bead-associated fractions was also reduced after force application in the FLNa KD cells (Suppl. Fig. 1D ).
We assessed whether FLNa expression or force application affected the formation of more mature focal adhesions. In cells subjected to force for 1 hr or 12 hrs, immunostained for vinculin and examined by TIRF, there was enhanced staining of ventral adhesions after 12 hrs but this staining was diminished in FLNa KD cells subjected to force (data not shown). Quantification of ventral adhesions showed increased numbers of vinculinstained adhesions per cell after 12 hrs compared with 1 hr (p<0.05; Fig. 6C ). FLNa KD cells exhibited reduced numbers of ventral adhesions after 12 hr, especially after application of force (p<0.05). There were reduced length and area of vinculin-stained adhesions in FLNa KD cells after 1hr force (Suppl. Fig. 2A-C) , which was less marked at 12 hr.
Discussion
Supra-physiological forces applied to cells can stimulate signaling pathways that lead to anoikis, which is a type of detachment-induced cell death (36, 41). As a result of cell death, mechanically over-loaded tissues with limited adaptation to high amplitude applied forces may exhibit pathological loss of structure and function, which is seen in cardiac pressure overload, osteoarthritis and the PL of teeth subjected to occlusal trauma. We have focused here on the PL, which is an excellent model for examining force-induced cell death: sites of increased cell death co-localize with sites of high mechanical loading and these sites can be defined and examined in detail (26, 27) . Although mechanical force-induced alterations of PL structure have been described in general terms (42) , the mechanisms by which forces affect PL cell function and how PL cells survive force application are not defined. Our data show that FLNa may be mechanoprotective in vivo as indicated by increased area of acellular zones and increased death of PL fibroblasts in FLNa conditional knockout mice compared with FLNa wild-type mice. Consistent with these data on fibroblasts in intact tissues in mice, we found that in cultured fibroblasts subjected to tensile forces, FLNa prevented anoikis by promoting the formation of ventral adhesions, which manifested as increased numbers of ventral adhesions stained for activated β1 integrin, talin and vinculin. Collectively these data suggest that FLNa mechanoprotects cells in force-loaded tissues by promoting the formation of integrin adhesions bound to matrix ligands.
We used a cell culture model and TIRF imaging (43, 44) to enable measurements of the number, area and length of ventral adhesions attached to fibronectin and how these adhesions are altered by exogenous tensile forces (25). There was reduced adhesion formation in cells plated on substrates with lower fibronectin concentrations, demonstrating the ability of the system to model the expected relationship between substrate ligand concentration, integrin activation and maturation of adhesions. Our data also showed the effect of FLNa on cell survival as cells with low levels of FLNa expression were less able to form ventral adhesions and were more susceptible to detachment-induced cell death after application of tensile forces. While other reports have described the mechanics of intermolecular interactions in adhesions responding to force (45, 46) , we used our model to measure the effect of applied forces on adhesion formation in whole cells and their impact on cell death.
Application of mechanical forces to cells can cause a conformational 'opening' of the FLNa molecule (47) . This allosteric modification enables the release of FilGAP, a FLNa-binding GTPase that activates Rac and stimulates downstream signaling pathways that control actin assembly (48) . We showed earlier that FilGAP plays a central role in mediating cell survival in response to force application to cells (38) . In addition to the disassociation of FilGAP from FLNa, mechanical force application to FLNa may expose cryptic integrin binding sites (49, 50) , a notion which is consistent with our data of enhanced β1 integrin activation in FLNa wildtype cells exposed to tensile force. Taken together, these processes may enable FLNa to promote the activity of FilGAP and to enhance FLNa binding to integrins (47) .
Focal adhesion formation requires the recruitment, assembly and ordered interaction of a large number of structural and adaptor proteins that enables β1 integrin binding to matrix ligands (51) . Talin may compete with FLNa for binding to β7 integrin and possibly β1 integrin cytoplasmic tails (21) . Indeed, we observed markedly decreased numbers of ventral adhesions and a reduction in the area and length of adhesions in forcetreated cells with FLNa knockdown. These data indicate that FLNa may not compete with talin; instead the data suggest that talin recruitment to adhesions is dependent on FLNa in cells subjected to tensile forces.
Focal adhesion maturation involves recruitment of vinculin to adhesions and the interaction of vinculin
with other adhesion proteins such as talin (52) . These processes facilitate cell anchorage to substrates, which may be important for the survival of cells subjected to detachment forces. As vinculin associates with talin sequestered in mature focal adhesions (19) , we determined whether the number of vinculin-stained adhesions was affected by FLNa or force. After 12 hr of force application in cells with FLNa knockdown, there was a very large reduction of the number of vinculin-stained adhesions. These data underscore the role of vinculin assembly in focal adhesion formation and the importance of these adhesions in the susceptibility of cells to anoikis (46) . Previous reports have shown that in cells subjected to force, talin is required for the recruitment of vinculin to focal adhesions where it amplifies adhesion signals from activated β1 integrin (19, 21, 46, (53) (54) (55) (56) ).
In the current study we found that FLNa localizes to ventral cell adhesions, sites that are critical for anchorage of cells exposed to tensile forces. We propose that FLNa acts to promote focal adhesion maturation, thereby preventing cell deletion by anoikis (57) . However in addition to the role of FLNa in regulating adhesion formation, we note that FLNa also protects cells from force-induced cell death initiated by the Rac/Pak1/p38 pathway (25). The protection provided by FLNa may involve the recruitment of FilGAP to sites of force application and there contribute to the regulation of p38-induced apoptosis (25).
Fibroblasts in the PL of mouse molar teeth provide a good model to study force-induced cell death because apoptotic cells are found at sites of high mechanical load (5), such as furcations. PL fibroblasts are renewal cell populations in which cell death and cell migration are balanced by cell proliferation to maintain cell and tissue homeostasis (5, 6, 58) . In agreement with these reports we found that in areas of intact PL, the width of the PL, cell density and collagen fiber abundance were not significantly altered in FLNa CKO mice compared with FLNa WT mice. However, the FLNa CKO mice exhibited much larger acellular zones than the FLNa WT mice, which is consistent with the greatly increased percentage of apoptotic cells in the PL of the FLNa CKO mice. These data emphasize the importance of FLNa in maintaining PL fibroblast viability, which is in turn important for the preservation of the structure and function of this force-loaded tissue.
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